MINIREVIEW 



Trends in Glycoscience and Glycotechnology 
Vol.13 No.71 (May 2001) pp.319-329 



Preparation and Characterization of Neoglycoprotein-Liposome Conjugates: 
A Promising Approach to Developing Drug Delivery Materials 
Applying Sugar Chain Ligands 

(Dmmtmnmm 



Yamazaki,Noboru'; Jigami,Yoshifumi 2 ; Gabius,Hans- Joachim 3 ; and Kojima,Shuji 4 



'Nanotechnology Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), 
Tsukuba, Ibaraki 305-8565, Japan, FAX:8 1-298-61-4535, E-mail: n.yamazaki@aist.go.jp 
institute of Molecular and Cell Biology, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan 
institute for Physiological Chemistry, Ludwig-Maximilians- University, Munich, Germany 
4 Faculty of Pharmaceutical Sciences, Science University of Tokyo, Tokyo, Japan 

Key Words: biodistribution, chemoenzymatic synthesis, lectin binding, liposomes, neoglycoproteins 



Abstracts 

To translate the emerging insights into the functionality of 
the sugar code into applications in organic materials science, we 
have paid special attention to carbohydrate-protein(lectin) inter- 
actions. They are increasingly delineated to play an important role 
in biological recognition systems. Thus, the custom-made design 
of research tools and the examination of how to practically exploit 
them are becoming burgeoning research areas for producing new 
functional materials. We here report preparation and characteriza- 
tion of novel types of neoglycoprotein-liposome conjugates, and 
indicate applications by studying recognition functions of these 
tailored carriers with defined sugar part as the recognition func- 
tion using a model system and in vivo experiments. Various types 
of neoglycoprotein-liposome conjugates were prepared according 
to a method including preparation of mixed micelles and then of 
liposomes, chemical coupling of neoglycoproteins to the charac- 
terized liposomes, and further sequential enzymatic glycosylation 
to refine the glycan part. The assays indicated carbohydrate-spe- 
cific recognition functions of these neoglycoprotein-liposome con- 
jugates. Monitoring of tissue distribution using Ehrlich solid tu- 
mor-bearing mice showed individual response of diverse tissues 
towards various types of applied neoglycoprotein-liposome con- 
jugates harboring a series of sugar chain ligands including mono- 
and oligosaccharides. This type of carbohydrate-conjugated mate- 
rial is expected to find applications in basic glycoscientific research 
as well as in applied areas such as tissue-specific drug targeting 
materials. 



t#tztLx#*)\ *<nmt lx L^mi&mt 

KtLXto + Ttfy/ifR- 'j^'v-A3> v ^ Y— h <r>Wi 
K<o*)#v-^<olt¥tti*v7 t )>7* fir, mmm 

¥- h (DmmMm^^mmmm^^^^x -=ef^*^/« 

vitro<DT y-b-f XWMLfZo ttz* in vivo<DT y -fc k Xi± y 

ho 



A. Introduction 

Carbohydrates have been generally viewed as energy-stor- 
age substances and physical maintenance materials, as exempli- 
fied by glycogen and cellulose, respectively. By appreciating the 
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distinct structural talents of saccharides, this view has changed 
markedly. In fact, it has become recognized in recent years that 
carbohydrates represent informational biomolecules establish- 
ing a code system which can be referred to as the "third alpha- 
bet of life" to signal the inherent capacity of oligosaccharides 
(words) to store and transmit information. A large number of 
biological events such as cell-cell recognition, adhesion, growth 
regulation, and inter- and intracellular routing have been shown 
to involve carbohydrates of glycoproteins and glycolipids for 
correct and efficient molecular interplay. Today, proteins, which 
participate as receptors in such interactions and specifically rec- 
ognize the structural features of carbohydrate ligands, i.e., animal 
lectins, are increasingly being discovered to play salient roles in 
biological carbohydrate-protein recognition systems(l-lO). 

With this background it comes as no surprise that carbo- 
hydrate-protein interactions are attracting increasing interest in 
synthetic studies as a step towards evaluating practical applica- 
tions. With a complete book devoted to this issue (11), the term 
"neoglycoconjugate" used to classify a family of synthetic ma- 
terials, in which functional carbohydrate groups are linked to 
proteins, lipids, polymers, or solid matrices for providing desir- 
able biochemical and physicochemical properties, has taken a 
firm hold. Neoglycoconjugates include neoglycoproteins, 
neoglycolipids, clusters, dendrimers, telomers, glycopolymers, 
and also glycoliposomes. These synthetic glycoconju gates have 
been designed to produce new substances and materials, such as 
biochemical probes, vaccines, inhibitors of cell adhesions, 
ligands in affinity chromatography, diagnostic reagents, thera- 
peutic reagents, gene targeting carriers, and drug targeting de- 
vices( 11-18). 

As a graphic example for a route to turn the functionality 
of endogenous lectins into future applications based on organic 
materials technology, we have developed a new type of 
neoglycoconjugate, neoglycoprotein-liposome conjugates. We 
here report on the current state of our research in this area, in- 
cluding establishment of a method to prepare an innovative type 
of carbohydrate-conjugated liposomal material and their appli- 
cations for studying carbohydrate-protein recognition functions 
in a model system in vitro and in vivo. This approach is aimed at 
the design of drug delivery materials applying sugar chain 
ligands. 

B. Preparation and Characterization of Neoglycoprotein- 
Liposome Conjugates 

The experimental procedure for preparation of liposomes 
and for coupling of neoglycoproteins to liposomes is a modified 
method, which is an adaptation of the controlled detergent di- 
alysis method for liposome preparation by Zumbuehl and 
Weder(19) and the two-step method for protein coupling by 
Heath ei al.(20). The preparation procedure is divided into two 
parts that are further subdivided as follows. First, formation of 
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liposomes by a cholate dialysis method including a) prepara- 
tion of lipid/detergent mixed micelles and b) dialysis of the mixed 
micelles. Second, covalent coupling of neoglycoproteins to li- 
posomes by a two-step reaction method, including a) periodate 
oxidation of gangliosides in the liposome membrane and b) 
coupling of neoglycoproteins to oxidized liposomes by reduc- 
tive amination. According to the strategy of the procedure, as 
shown in Fig. 1, a series of neoglycoproteins could be coupled 
to liposomes, which resulted in various types of neoglycoprotein- 
liposome conjugates displaying monosaccharide and disaccha- 
ride sugar chains. 

In order to analyze the homogeneity and stability of li- 
posomes, size distribution is an important characteristic among 
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Fig. 1. Outline of the reaction pathway for neoglycoprotein-liposome conjugation. 

Preparation of N-acetylglucosaminylated bovine serum albumin(BSA)-coupled liposomes(Lipo) was 
chosen as an example. 
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several physical properties. Gel-permeation chromatography- 
(GPC), scanning electron microscopy (SEM), and dynamic light 
scattering(DLS) were applied for size characterization of lipo- 
somes. Fig. 2 ascertains the homogeneity of the liposome popu- 
lation harboring dipalmitoy] phosphatidylcholine (DPPC), Choi, 
dicetyl phosphate (DCP) and gangliosides at a molar ratio of 
35:45:5: 15. This type of liposome was stable and did not change 
its property after storage at 4Ae'for several months. Accordingly, 
this preparation was selected for conjugation of neoglycopro- 
teins. Characterization of neoglycoprotein-coupled liposome 
preparations was carried out using high-performance GPC, as 
well as by SEM and DLS. The results revealed that the lipo- 
some preparations examined were invariably homogeneous and 
stable for several months. To analyze the in vivo stability of 
mannosylated BSA-coupled liposomes, the liposome suspension 
was injected into the tail vein of a male mouse, blood was col- 
lected after three hours, and serum was prepared. The serum was 
purified using an ultrafiltration cell fitted with a 0.03-mm poly- 
carbonate membrane, which resulted in recovery of mannosylated 
BSA-coupled liposomes. Monitoring of the morphology of the 
mannosylated BSA-bearing liposomes by SEM before and after 
in vivo treatment did not reveal any difference between the lipo- 
some prior to injection and the recovered liposome. These results 
substantiate that our liposomal preparations are stable in vivo as 
well as in vitro. This stability allows their application for further 
studies including their use as drug delivery earners. 
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Fig. 2. Scanning electron micrograph (A; magnification, X 19,000), and bar histogram of dynamic light scattering (B) of the 
liposome population prepared following the strategy shown in Fig.l. 
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C. Binding Analysis of Neoglycoprotein-Liposome Conju- 
gates to Lectin-Liposome Conjugates and Biodistribution of 
Radiolabeled Neoglycoprotein-Liposome Conjugates 

In order to obtain insight into the understanding of the 
multivalent interactions between neoglycoprotein-liposome con- 
jugates as ligands and lectins conjugated on the membrane sur- 
face of lipid vesicles as receptors, a series of lectin-conjugated 
lipid vesicles were prepared, and binding studies were performed 
by applying these model systems consisting of different ligands 
and receptors, as shown exemplarily in Fig. 3 A. To analyze the 
binding process"using, fdf Example/ mamiosyfated^BS A 
ing liposomes and Concanavalin A (Con A)-bearing liposomes, 
the time course of the agglutination was followed by.measuring 
the change in the turbidity, together with inhibition assay using 
hapten sugars, and observation by DLS and S EM. The com- 
bined results demonstrated that- tne increase in turbidity was due 
to the formation of vesicle clusters that resemble cell aggre- 
gates, and that the agglutination was caused by the carbohy- 
drate-dependent cross-linking between mannosyl residues of 
mannosylated BSA-conjugated liposomes and Con A lectins of 
Con A-conjugated liposomes, as shown in Fig.3B. 

To assess binding or uptake of liposomal conjugates to, 
individual tissues of Ehrlich solid tumor-bearing mice in the more, 
complex in vivo situation we determined the biodistribution of 
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NGP-bearing Liposome 



Lectin-bearing Liposome 




Fig. 3. Schematic illustration of the reciprocal recognition system based on carbohydrate-protein interactions of 
neoglycoprotein (NGP)-bearing liposomes and cognate-lectin-bearing liposomes(A), and scanning electron micrograph 
, of the reaction mixture, which was incubated for 20 min to allow formation of lectin-ligand association (B; magnifica- 
tion, X 200,000). 
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Fig. 4. Biodistribution of four types of ,25 I-labeIed neoglycoprotein-coupled liposomes and ,25 I-labeIed BSA-coupled 
liposomes in Ehiiich solid tumor-bearing mice after 6h, expressed as percentage of the injected dose per g of 
tissue. (A) Data of all tissues examined, and (B) data of tissues excluding liver and spleen. Each result represents the mean of 
quadruplicates. Abbreviations: BSA, bovine serum albumin; Man, D-mannose; Sial, N-acetyl-D-neuraminic acid; Fuc, L-fucose; 
Lac, lactose. 



the [ ,25 l]neoglycoprotein-coupled liposomes 6 hr after injection 
into the tail vein of the mice. As shown in Fig.4, the individual 
response on the level of organ content showed differences among 
different types of neogiycoprotein -conjugated loposomes. These 
data constitute the basis for further refinements of the carbohy- 
drate ligands of suitable neoglycoprotein-conjugated liposomes 
to allow their potentially rational application as drug-targeting 
devices. It is noteworthy that Kole et al.(21) have successfully 
applied mannosylated neoglycoprotein-conjugated liposomes, 
which were prepared according to our method, as macrophage- 
specific drug carrier in a therapeutic model of visceral leishma- 
niasis, a macrophage- associated parasitic disease. 

D. Preparation and Biodistribution of Four Types of 
Neoglycoprotein-Liposome Conjugate with Different Lev- 
els of Structural Complexity of the Sugar Chain Ligands 

By applying sequential chemoenzymatic steps, four types 
of glycosylated bovine serum albumin (BSA)-liposome conju- 
gates were prepared according to the following procedure. First, 
N-acetylglucosaminylated BSA was synthesized and this was 
then chemically conjugated to liposomes, which resulted in N- 
acetylgiucosamine (GlcNAc)-bearing BSA-liposomes. GIcNAc- 
bearing BSA-liposomes were enzymatically galactosylated by 
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using (il,4-galactosyltransferase, and the products, i.e. N- 
acetyllactosamine (LacNAc)-bearing liposomes, were sialylated 
by a2,6-sialyltransferase treatment to prepare 6'sialyl-N- 
acetyllactosamine-bearing liposomes according to the reaction 
scheme outlined in Fig.5. The LacNAc-bearing BSA-liposomes 
were also used to prepare Lewis x trisaccharide-bearing BSA- 
liposomes by treatment with al,3-fucosy!transferase in the pres- 
ence of substrate following a similar scheme. Coupled protein/ 
total lipid ratios of the four types of liposomes were determined 
to be between 0.22 and 0.25g/g, and average numbers of BS A 
molecule per liposome, calculated by using estimated areas of 
protein and liposome surfaces, were about 500. The four types 
of glycosylated BSA-liposome conjugates were homogeneous 
in size as judged by GPC and did not change their property after 
storage at 4°C for several months. Their characteristics, together 
with the previous in vivo stability data of related neoglycoprotein- 
bearing liposomes, are essential for their applications as drug- 
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Fig. 5. Reaction scheme for synthesis of neoglycoprotein-liposome 
conjugates bearing 6'-sialyl-N-aeetyIlactosamine trisaccharides. 
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targeting devices. 

In order to assess the tissue-specific uptake of various 
glycosylated BSA-bearing liposomes, we determined the 
biodistribulion of four types of l25 I-labeled neoglycoprotein-bear- 
ing liposomes 3hr after injection into Ehrlich solid tumor-bear- 
ing mice (Fig.6). The individual response on the level of organ 
content showed considerable differences among this panel of 
neoglycoprotein-bearing liposomes. Relative to GlcNAc-bear- 
ing liposomes, the uptake of LacNAc-bearing liposomes was 
increased in mice clearly for liver, spleen and lung, and slightly 
for tumor. Remarkably, the uptake of 6'sLacNAc-bearing lipo- 
some was decreased distinctly for spleen, the uptake for other 
tissues being almost maintained. On the other hand, the uptake 
of Lewis x-bearing liposomes was increased especially for liver, 
spleen and lung. These results emphasize the importance of struc- 
tural remodeling of carbohydrate ligand chains within the pro- 
duction of tissue-specific drug delivery devices. 

E. Perspectives 

In this report, we have summarized results from the cur- 
rent stage of our research, which aims at design and construc- 
tion of recognition functions based on carbohydrate-protein in- 
teractions, and which also aims at finding their possible appli- 
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Fig. 6. Biodistribulion of four types of '^-labeled neoglycoprotein-liposome conjugates in Ehrlich solid tumor-bearing mice after 3h expressed 
as percentage of the injected dose per g of tissue. (A) Data of all tissues examined, and (B) data of tissues excluding liver and spleen Each result 
represents the mean of quadruplicates. Abbreviations: GlcNAc, N-aceiyl-D-giucosamine; LacNAc, N-acetyllactosamine; 6'sLacNAc 6'-sialyl- 
N-acetyllactosamine; Lewis x, Lewis x trisaccharide. 



326 



©2001 FCCA (Forum: Carbohydrates Coming of Age) 



cations in such fields as biosensing-, drug design- and mem- 
brane-materials, and especially drug delivery devices. Presently, 
we have established a method to prepare a series of 
neoglycoprotein-liposome conjugates. Analyses of these prepa- 
rations proved homogeneity and stability. The in vivo stability 
was also satisfactory, which fulfilled a prerequisite for consid- 
ering applications in biological systems. A model and in vitro 
assays demonstrate that this type of neoglycoprotein-bearing 
liposomes has carbohydrate-specific activities and is useful as a 
cytochemical probe. A biodistribution assay indicates the po- 
tential usefulness of neoglycoprotein-liposome conjugates as 
efficient drug- targeting devices which exploit cellular functions 
of carbohydrate-binding proteins. 

Whereas a considerable level of expertise and experience 
in developing carbohydrate-mediated drug delivery systems 
based on glycolipid-bearing liposomes has been attained, the 
custom-made design and applications of giycoprotein-bearing 
liposomes are less explored(22-28).In a recent commentary on 
receptor-mediated gene delivery it was stated that "the idea of a 
ligand is generally associated with a polypeptide... we have al- 
most been oblivious to the potential of sugars as specific ligands 
for the specific delivery of drugs or genes, which explains why 
the field of 'glycotargeting' is in its infancy"(29). As a step to 
address this issue, efforts are directed to design and construct 
high-functional neoglycoprotein-liposome conjugates which 
display complex oligosaccharide chains on the liposomal sur- 
face. An example of our ongoing experiments aims to synthe- 
size a new type of neoglycoprotein-liposome conjugate contain- 
ing sialyl Lewis X sugar chains using chemical and enzymatic 
procedures. First, N-acetylglucosaminylated BSA-coupled lipo- 
somes were prepared according to the procedure described in 
this report. Then, three-step enzymatic glycosylation was per- 
formed using pi, 4 -galactosyltransferase, a 2,3-sialyltransferase, 
and ocl,3-fucosyltransferase as catalysts, which resulted in a new 
type of oligosaccharide-conjugated material. By applying this 
kind of approach or by developing other techniques, we expect 
to provide new insights into the underlying mechanisms of car- 
bohydrate-protein interactions on membrane surface, and to 
eventually define applications in materials technology such as 
drug delivery systems. 
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